Stabilities and structures of β-and α-Sn nanoparticles are studied using density functional theory. Results show that β-Sn nanoparticles are more stable. For both phases of Sn, nanoparticles smaller than 1 nm (∼48 atoms) are amorphous and have a band gap between 0.4 and 0.7 eV. The formation of band gap is found to be due to amorphization. By increasing the size of Sn nanoparticles (1-2.4 nm), the degree of crystallization increases and the band gap decreases. In these cases, structures of the core of nanoparticles are bulk-like, but structures of surfaces on the faces undergo reconstruction. This study suggests a strong size dependence of electronic and atomic structures for Sn nanoparticle anodes in Li-ion batteries. © 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4878735] Tin (Sn) is an interesting anode material for Li-ion batteries (LiBs) owing to its high volumetric and gravitational capacities (993 mAh/g and 7200 mAh/cm 3 ). 1 The main problem in commercialization of LiBs with Sn anodes is large volume changes between delithiated phase (pure Sn) and fully lithiated phase (Li 4.4 Sn). 2 This creates a large stress and strain, resulting in fracture and pulverization of the Sn anode and thus poor cycling ability. 3 One way out of this dilemma is using Sn-based nanostructures such as nanoparticles 4 and nanosheets. 5 At temperatures lower than 13.2
• C, bulk Sn has a diamond structure, which is called α-Sn. Heating to higher temperatures under atmospheric pressure causes the α phase to transform into the β phase, which has a tetragonal structure. 6 The bulk properties of Sn such as lattice constant and cohesive energy as well as the α → β phase transition have been extensively studied both experimentally and theoretically. [6] [7] [8] [9] [10] [11] [12] Many experimental efforts have also been devoted to study Sn nanostructures in LiBs, [13] [14] [15] but only few theoretical studies have addressed this subject.
Using density functional theory (DFT), we have recently studied incorporation of Li in Sn bulk and surfaces and found that β-Sn surfaces reconstruct in the presence of Li, while Li/α-Sn surfaces maintain their structures. 11 A recent combined experimental-theoretical investigation has also found that upon lithiation the structure of crystalline α-Sn is stable, while crystalline β-Sn becomes amorphous. 15 In this Communication, using DFT calculations, we studied the structure of clean Sn nanoparticles of different shapes and sizes (between 0.5 and 2.4 nm) and found that nanoparticles smaller than 1 nm are amorphous-like and have a band gap greater than 0.4 eV. Larger nanoparticles are bulklike/reconstructed core-shell nanoparticles and have no band gap.
The DFT calculations were performed using the SeqQuest code 16 with localized basis sets represented by linear combinations of contracted Gaussian functions and norma) payam.kaghazchi@fu-berlin.de conserving pseudopotentials. The results discussed in the paper are mainly based on the generalized gradient approximation (GGA) exchange-correlation functional proposed by Perdew, Burke, and Ernzerhof (PBE). 17 In order to investigate the sensitivity of our results on choosing a different exchangecorrelation functional, we additionally recalculate the energetics and structures of β-Sn nanocubes with the local density approximation (LDA). To model the nanoparticles we used a 37 Å × 37 Å × 37 Å unit cell with at least 13 Å of vacuum spaces between images. Integrations in reciprocal space of Sn nanoparticles were performed at gamma point.
The β phase of Sn has a tetragonal structure (141 I41/amd), while the α phase of Sn has a diamond structure (227 FD-3M). The α → β phase transition is accompanied by a large reduction of volume and the material transforms from a zero band gap semiconductor to a metal. The bulk properties such as the lattice constants, cohesive energies, and band gaps calculated using PBE and LDA are listed in Table I . We find that the lattice constants determined with PBE and LDA are in good agreement with the experimental values. However, the calculated cohesive energy of 3.19 eV with PBE functional is much closer to the experimental value of 3.12 eV than that of 4.00 eV with LDA functional. Our GGA-PBE and LDA calculations show no band gap for α-Sn, which is in agreement with experimental measurements. The calculated band gaps for α-Sn are 0.2 eV and 0.22 eV with HSE and HSEsol, respectively. 21 Using the theoretical lattice constants we constructed clean β-and α-Sn nanoparticles of different shapes and sizes. The initial atomic positions in all Sn nanoparticles corresponded to those in the Sn bulk. For β-Sn, we focus on nanocubes consisting of {100} and {001} facets and sharp edges as well as nanospheres consisting of {100} and {001} facets and wide edges. Figure 1 shows the structures of Sn nanoparticles and their average binding energy with respect to the cohesive energy of Sn (E b /E c ).
Our calculations for β-Sn nanocubes show that independent of the functional E b /E c increases with number of atoms. However, the calculated values of E b /E c is lower with LDA functional, which is due to the fact that this functional underestimates the stability of surfaces. 22 By enlarging the Sn nanoparticles (decreasing the surface contributions) the difference between LDA and PBE decreases. By fitting the calculated values of E b /E c , we estimate the critical size above which the surface contribution to the energy of nanoparticles is negligible, which gives N Sn = 10 7 atoms or ∼70 nm. This result is independent of choosing LDA or PBE. The structures of β-Sn nanocubes determined with LDA and PBE are also very similar. Thus, we only use the PBE functional for calculating the structures and energies of β-and α-Sn nanospheres.
For β-Sn nanospheres, we also find that E b /E c increases with size. Moreover, binding energies are very similar to those of β-Sn nanocubes.
Analysis of the structures shows that the β-Sn nanocubes of 0.5 and 0.8 nm (24 and 48 Sn atoms) are amorphous-like.
Such an amorphization at zero-temperature zero-pressure conditions without any external parameter has not been reported so far in other metal nanoparticles. Although the degree of crystallization in the core of nanoparticles increases with size, the surface atoms are displaced from their bulkterminated positions even in the largest studied nanoparticles (448 atoms). Figures 1(d) and 1(e) show structures of bulk-truncated and energetically minimized-geometricallyoptimized nanoparticles. We find that the (100) and (001) surfaces are reconstructed. In particular, the low-coordinated Sn atoms at corners and edges are significantly displaced.
In order to distinguish between crystalline and amorphous structures, we compare radial distribution functions (RDFs), g(r), of the Sn bulk with those of Sn nanoparticles. The calculated RDFs of the β-Sn bulk and nanocubes are illustrated in Fig. 2 . The Sn-Sn bond lengths are shorter with LDA functional, which is in line with the calculated smaller lattice constants of Sn with LDA compared to PBE. The RDF of the Sn nanocube with size of 0.5 nm (24 atoms) is considerably different than that of the Sn bulk since it shows a variety of peaks which are absent in the RDF of the Sn bulk. However, by increasing the size of nanocubes the first RDF peak representing the first nearest neighbors becomes narrower and the other peaks that are not present in the Sn bulk disappear, which show a tendency to crystallization of Sn nanocubes. These results are again independent of using PBE or LDA. The deviation of the RDF in β-Sn nanocubes from that in the β-Sn bulk is found to be due to the surface reconstructions.
Afterwards, we study α-Sn nanospheres. Because of the computational demands for large unit cells, we considered nanospheres smaller than 2.1 nm. Figure 3 shows that, (Fig. 3 ) cannot be fitted with a similar function used for β-Sn (Fig. 1) . A comparison between Figs. 1 and 3 shows that β-Sn nanoparticles are more favorable than α-Sn ones. Although this result is based on zero-temperature DFT calculations, we predict that, independent of temperature, β-Sn nanoparticles are always more stable. This is because previous DFT calculations for bulk β-and α-Sn have found that the vibrational entropy is smaller in α-Sn. 8 The calculated RDFs (Fig. 4) show that, similar to the case of β-Sn, geometry optimization of small α-Sn nanospheres (≤1 nm) leads to the formation of amorphouslike nanospheres and the larger nanospheres have more crystalline character. Finally, we calculate band gap for β-and α-Sn nanoparticles ( Fig. 5 ) and find that small nanoparticles consisting of 48 atoms and less have a band gap (HOMO-LUMO gap) between 0.4 and 0.7 eV. The band gap is due to the amorphization of Sn nanoparticles since the band gap is zero for the bulk-truncated structures (without geometry optimization). Previous DFT studies show that nonhybrid functionals such as PBE and LDA always underestimate band gaps of materials. 23 For example, the calculated band gaps using PBE and LDA for C are 1.31 and 1.25 eV lower than the experimental value of 5.48 eV, respectively. For Si, the underestimations of the band gap from the experimental value of 1.17 eV are 0.42 and 0.58 eV, respectively. 23 Therefore, the real band gap for Sn nanoparticles consisting of <48 atoms may be even larger than 0.4-0.7 eV.
In summary, our DFT calculation shows a size-dependent atomic structure and band gap in β-and α-Sn nanoparticles. It is found that nanoparticles with size of ≤1 nm are amorphouslike with band gaps larger than 0.4 eV, while larger nanoparticles with size of 1-2.4 nm are bulk-like/reconstructed coreshell with no band gap. 
